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Abstract 

A survey  is  presented  of  diagnostic  techniques 
and  measurements  made  in  multiphase  reacting  flows. 
The  special  problems  encountered  by  the  presence 
of  liquid  droplets,  soot  and  solid  particles  in 
high  temperature  chemically  reacting  turbulent 
environments  are  outlined.  The  principal  measure- 
ment techniques  that  have  been  tested  in  spray 
flames  are  spark  photography,  laser  anemometry, 
thermocouples  and  suction  probes.  Spark  photo- 
graphy provides  measurement  of  drop  size#  drop 
size  distribution,  drop  velocity,  and  angle  of 
flight.  Photographs  are  analysed  automatically  by 
image  analysers.  Photographic  techniques  are 
reliable,  inexpensive  and  proved.  Laser  anemo- 
meters have  been  developed  for  simultaneous  meas- 
urement of  velocity  and  size  of  individual  par- 
ticles in  sprays  under  conditions  of  vaporization 
and  combustion.  Particle /gas  velocity  differen- 
tials, particle  Reynolds  numbers,  local  drag  co- 
efficients and  direct  measurement  of  vaporization 
rates  can  be  made  by  laser  anemometry.  Gas  tem- 
perature in  sprays  is  determined  by  direct  in  situ 
measurement  of  time  constants  immediately  prior  to 
measurement  with  compensation  and  signal  analysis 
by  micro-processors.  Gas  concentration  is  measured 
by  suction  probes  and  gas  phase  chromatography. 
Measurements  of  particle  size,  particle  velocity, 
gas  temperature,  and  gas  concentration  made  in  air- 
blast  and  pressure  atomised  liquid  spray  flames 
are  presented. 

1,  Introduction 

Measurements  in  particle-laden  flames  can 
either  be  made  by  the  insertion  of  probes  or  by 
noninvasive  optical  means,  generally  using  lasers 
as  the  source  of  light.  Many  instruments  which 
have  proved  satisfactory  for  making  measurements  in 
purely  gaseous  flares  cannot  be  used  directly  in 
multiphase  reacting  flows.  Delicate  probes  are 
physically  damaged  by  impaction  of  particles; 
orifices  in  probes  can  become  clogged  or  partially 
blocked;  deposition  of  particles  on  sensors  can 
change  their  characteristics;  and  many  gas  analy- 
sis systems  cannot  tolerate  the  presence  of  par- 
ticulate matter.  The  use  of  such  probes  is  only 
possible  if  the  particles  are  prevented  from 
entering  the  probe  or  if  they  are  collected  and 
separated  from  the  gaseous  flow  once  they  have 
entered  the  probe.  Despite  the  many  attempts  which 
have  been  made  to  overcome  these  problems,  most  of 
the  solutions  are  not  completely  satisfactory. 
Particulates  continue  to  cause  both  difficulties  in 
making  the  measurements  and  inaccuracies  in  the 
final  results. 

Amongst  the  intrusive  techniques,  the  micro- 
thermocouple causes  minimum  disturbance.  By 
curectly  linking  the  output  from  fine  wire  thermo- 
couples to  a computer,  measurements  of  local  time 
constants  are  made,  followed  immediately  by  direct 
digital  condensation . Measurement  of  the  time- 
dependent  local  gas  temperature  can  be  made  in 
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flames  with  particulates.  Measurement  of  gas  con- 
centration and  physical  and  chemical  analysis  of 
particles  is  made  by  suction  probes  fitted  with 
filters  to  allow  separation  of  particles  and  gas. 
Concentration  measurements  of  gas  species  are  made? 
by  chromatography,  chemiluminescence  and  flame 
ionization . 

Optical  diagnostic  techniques  are  specially 
desirable  in  particle-1 aden  reacting  flows.  For 
making  measurements  in  highly  turbulent,  nonuniform, 
heterogeneous  conditions  existing  in  practical  com- 
bustors, many  of  the  classical  optical  methods, 
requiring  integrations  over  long  optical  paths,  are 
unsatisfactory.  Continuous  wave  and  pulsed  laser 
light  sources  provide  high  energy,  monochromatic, 
coherent  beams  of  photons,  which  can  be  focused  on 
to  small  volumes  of  the  order  of  1 mm^  within  the 
combustor.  The  presence  of  particulates  affects 
the  scattering  of  the  light  from  laser  probes,  so 
that  special  developments  and  instrument  technology 
are  required  in  order  to  utilize  these  probes  in 
particle-laden  flames.  The  laser  anemometer  has 
proved  to  be  the  most  successful  instrument  for 
making  simultaneous  measurements  of  velocity  and 
size  of  individual  particles.  The  high  frequency 
response  of  this  instrument  allows  measurement  of 
fluctuations  in  particle  size  and  velocity  as  a 
function  of  time  by  use  of  electronic  signal  pro- 
cessing and  analysis  by  high-speed  computer. 

This  survey  includes  a review  and  discussion 
of  the  state  of  the  art  of  spark  photography,  laser 
anemometry,  and  measurements  by  thermocouple  and 
suction  probes.  A selection  of  measurements  of 
drop  size,  drop  velocity,  and  temperature  and  gas 
concentration  in  spray  flames  is  presented. 

Problems  and  difficulties  encountered  with  these 
measurement  techniques  are  discussed.  Indications 
are  given  of  directions  to  be  followed  for  future 
development  of  noninvasive  laser  optical  techniques. 

2.  Spark  Photography  with  Automated  Analysis 

Shadow  photomicrography  with  high  intensity 
spark  light  or  laser  sources  has  been  used  exten- 
sively for  measurement  of  spray  characteristics. 

One  of  the  major  problems  in  the  application  of 
automated  image  analysis  techniques  to  the  analysis 
of  spray  photographs  has  been  the  determination  of 
the  extent  to  which  photographic  images  of  par- 
ticles are  in  focus.  This  problem  has  been  solved 
by  calibration  of  properties  of  particle  images  as 
functions  of  the  particle  diameter  and  the  position 
of  the  particle  in  the  field  of  view  of  the  camera. 
This  calibration  is  incorporated  in  the  program  of 
the  image  analysis  computer  and  permits  the  selec- 
tion of  only  those  images  which  have  been  deter- 
mined to  be  in  focus  by  calibration. 

The  optical  system  for  spark  photography  of 
fuel  sprays  is  shown  in  Fig.  1.  The  spark  unit, 
operating  at  lO  kV,  is  either  focused  on  a 1 mm  dia. 
aperture  to  provide  a point  light  source,  or, 
alternatively,  the  aperture  is  replaced  by  a 
diffusion  screen  which  effectively  reduces  the 
depth  of  field  when  high  density  sprays  are  studied. 
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Fig. 


Optical  geometry  for  spark  photography  of 
fuel  sprays^ 


Table  l shows  values  of  the  optical  parameters 
which  have  been  used  to  photograph  ul  trasor.i cal  ly 
and  a i rblast atomised  liquid  fuel  sprays.  Polaroid 
photographs  are  taken  at  various  locations  within 
the  spray. 


table  1 

Optical  gaomatnas  u«ad  to  study  different  spray* 


Type  of  spray 

Low  throughput 
ultra  somcally 
atomized  kerosene, 
water  or 
heavy  fuel  oil 

Air  blast  atomized 
kerosene  or 
steam  blast 
atomized  heavy 
fuel  oil 

Heavy  fuel  oil, 
off -design 
conditions, 
atomized  by  cold 
air,  high  throughput 

Particle  diat  of  interest  (tint) 

7 90 

15  MX) 

70  900 

Mass  median  dia  (pm) 

25 

80 

150 

Camera  magnification 

II 

5 

1 

Measurement  depih  of  field  Imm) 

1 

3 

10 

1 ight  source 

point 

point 

diffusion  screen 

Dia  of  Jens  l j (mm) 

80 

120 

95 

foe  length  of  1;  (mm) 

80 

220 

150 

tj  (mm) 

100 

490 

1050 

foe  length  of  l i (mm) 

90 

150 

»h0 

hi  (mm) 

100 

180 

720 

i t (camera  length)  (mrr.) 

1100 

900 

720 

Each  photograph  is  analysed  by  the  image 
analysis  computer,  shown  in  Fig.  2.  Photographs 
are  scanned  by  a plumbicon  video  scanner  via  an 
epidiascope,  or  alternatively,  a microscope. 
Negatives  are  used  so  that  the  shadow  images  of 
particles  appear  as  bright  areas  on  the  television 
screen,  and  any  dust  particles  on  the  negatives 
appear  as  dark  areas.  The  video  signal  is  digitized 
to  give  a measurement  of  light  intensity  in  a 
matrix  of  700  x 1000  'picture  points'.  The  mag- 
nification of  the?  lenses  between  the*  photograph  and 
the  plumbicon  scanner  is  chosen  to  suit  the 
smallest  images  which  are  to  be*  measured  in  the 
photograph.  The  program  selects  only  those  images 
which  are  sufficiently  in  focus  to  be  within  a 
chosen  measurement  depth  of  field.  When  sufficient 
images  have  been  measured,  plots  of  particle  number 
and  volume  size  distributions,  calculated  numerical, 
mass  and  Saute r mean  di amt* tors  and  particle  shape 
information  are  printed  out. 

Particles  down  to  5 iim  in  diameter  have  been 
photographed  moving  at  speeds  of  30  m/s  in  flames. 
Under  luminous  flame  conditions,  light  filters  are 
introduced  so  as  to  reduce  the  effect  of  background 
lighting.  On  average,  100  to  200  particles  are 
counted  per  photograph  within  the  lo  mm  depth  of 


Fig.  2 Image  analysis  computer  for  automated 
analysis  of  spark  photographs9 

field.  Measurement  of  approximately  lOOO  particles 
is  required  in  order  to  derive  the  mass  median  dia- 
meter to  within  5%  and  to  produce  a repeatable 
histogram  of  particle  sizes.  On  average,  25  minutes 
is  required  to  derive  a size  distribution  for  one 
position  in  a spray  from  8 photographs,  including 
the  t inn*  required  to  print  the  cumulative  measure- 
ments. The  time  required  to  expose  and  develop 
photographs  is  typically  15  minutes.  The  total 
experimental  time  required  to  derive  a size  dis- 
tribution for  one  position  in  a spray  is  approxi- 
mately 40  minutes.  Figure  3 shows  size  distri- 
butions measured  by  the  image  analysis  computer  for 
three  different  sprays,  with  particles  ranging  from 
7 to  800  u m in  diameter.  Data  are  plotted  as  mass 
distributions  in  ' Rosi n-Kammlor ' f. >rm. 

The  photographic  technique  was  used  for  mea- 
suring the  size,  velocity  and  angle  of  flight  of 
droplets  in  pressure  jet  hollow  cone  liquid  sprays 
injected  into  uniform  ai  rst  reams  * • ** . The  develop- 
ment of  the  technique  for  making  measurements  in 
flames'*  led  to  studies  of  spray  flame  character- 
istics in  twin- fluid  atomisers'*  and  pressure  jets 
injected  into  the  wake  of  a stabilizer  disk'. 

This  study  showed  the  aerodynamic  interaction 
between  sprays  and  reci rculat ion  zones  . The 
measurement  technique  is  described^  and  a eoinpar  i stii 
of  the  dynamics  of  droplets  in  burning  and  iso- 
thermal kerosene  sprays  is  shown  in  Hot.  8.  The 
automated  analysis  of  spark  photographs  for  measuit*- 
ment  of  particle  sizes  and  sprays  is  described  in 
detail  in  Ref.  9. 


Fig.  3 Size  distribution  measured  by  image  analysis 
computer  for  a range  of  sprays: 

• - ult rasonically  atomised  kerosene, 

S kg  h“  1 ; o - airblast  atomised  water, 

13  kg  h”1;  + - airblast  atomised  heavy  fuel 

oil,  lOOO  kg  h“l;  - Rosin-Rammler 

empirical  lines1* 

Spark  photography  is,  at  present,  one  of  the 
most  accurate  and  least  expensive  techniques  for 
particle  analysis.  The  technique  allows  direct 
measurement  of  size,  shape,  velocity  and  angle  of 
flight  of  individual  particles,  from  which  distri- 
butions throughout  the  spray  can  be  determined  of 
local  number  density  and  local  size  distribution. 

The  basic  photographic  technique  has  been  extended 
by  the  following  weans:  (1)  Use  of  television 
cameras  and  video  tape  to  record  images  and  carry 
out  subsequent  analyses  by  image  analysis  computer. 
These  two  operations  can  be  directly  coupled  so  as 
to  provide  on-line  image  analysis.  (ii)  Replacement 
of  spark  sources  by  pulsed  lasers,  so  as  to  provide 
shorter  duration  light  sources  with  more  uniform 
background  lighting.  This  allows  particles  to  be 
measured  more  accurately  down  to  a size  of  2 vim. 

(iii)  Holography  in  conjunction  with  a pulsed  laser. 
A single  hologram  covers  a wide  depth  of  field.  By 
reconstructing  this  hologram,  using  a television 
camera,  the  sections  of  the  spray  can  be  brought 
into  focus  under  controlled  conditions,  allowing 
more  detailed  analysis  of  the  spray. 

3.  Laser  Anemometry 


Laser  anemometry  has  been  developed  for  the 
simultaneous  measurement  of  droplet  size  and 
velocity.  Signals  are  recorded  of  light  scattered 
by  individual  particles  as  they  cross  the  fringes 
in  the  measurement  volume  formed  by  the  crossing  of 
two  laser  beams.  The  velocity  of  particles  is 
determined  directly  from  the  analysis  of  the  meas- 
urement of  frequency  from  the  modulated  signal.  The 
intensity  of  scattered  light  is  a function  of 

the  particle  size.  Provision  needs  to  be  made  for 
optical  access  to  allow  either  the  forward- 
scatter  or  back-scatter  modes  of  dual  beam  anemo- 
metry to  be  utilized.  Measurements  of  velocity 


components,  turbulence  intensity,  corse 1 at ions  and 
spectra  have  been  made  in  a wide  range  of  flames  on 
both  laboratory  and  industrial  scales.  In  many 
combustion  systems,  there  is  a sufficient  amount  of 
particulate1  matter  to  enable  velocity  measurements 
to  be  made,  but  improved  signal-to-noise  ratios  have 
been  achieved  by  seeding  the  gas  flows  with  micron- 
size  particles,  such  as  magnesium  oxide.  Spatial 
resolution  is  generally  of  the  order  of  2 mm  length 
by  200  urn  diameter  and  frequency  response  in  the  kHz 
range  has  been  achieved  by  sufficient  seeding. 
Amongst  the  several  signal  diagnostic  techniques, 
the  single  particle  counter  has  been  favoured,  in 
that  it  provides  an  accurate  measurement  of  velocity 
of  individual  particles.  Velocity  variations  with 
time  can  be  determined,  enabling  conditional 
sampling  and  detection  of  large-scale  eddy  movements. 


Fig.  4 Doppler  signal  for  simultaneous  particle 
size  and  velocity  measurement 

The  Doppler  signal  for  a sinqle  particle  pas- 
sing through  the  centre  of  the  measurement  control 
volume  of  a forward-scatter  laser  anemometer  system 
is  shown  in  Fig.  4.  The  signal  is  composed  of  a 
Gaussian  distribution  for  the  pedestal  and  the 
envelope.  The  mean  of  the  signal  is  determined 
electronically  and  the  mean  peak  Ep0  is  determined 
as  a function  of  particle  size  for  a fixed  optical 
arrangement.  Calibrations  of  individual  particles 
attached  to  rotating  disks  traversed  through  the 
centre  of  the  measurement  volume  demonstrated  that, 
by  judicious  selection  of  the  optical  geometry,  an 
unambiguous  one-to-one  relationship  could  be  obtain- 
ed between  the  amplitude  of  the  low  pass  filtered 
mean  signal  and  the  particle  diameter  for  particles 
in  the  range  30  to  240  urn.  Predictions  based  on  a 
combination  of  refraction,  reflection  and  dif- 
fraction of  the  incident  light  were  found  to  be  in 
good  agreement  with  these  measurements10'11. 

The  nonuniform  light  intensity  within  the 
measurement  control  volume  (MTV)  results  in  a 
variation  of  signal  amplitude  with  particle  tra- 
jectory through  the  MCV.  Particles  which  do  not 
pass  through  the  centre  of  the  MCV  produce  lower 
amplitude  signals,  which  cannot  be  simply  distin- 
guished from  signals  produced  by  smaller  particles 
passing  through  higher  light  intensity  regions  of 
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the  NCV.  This  .ambigui  ty  effect  has  been  taken  into 
account  by  using  an  inversion  routine  to  convolute 
the  signal  amplitude  distributions  obtained  from 
many  particles,  by  using  the  equation  relating  the 
signal  peak  to  both  particle  diameter  and  particle 
position  in  the  MTV.  This  data  conversion  method 
involves  the  inversion  of  a near-singular  matrix  or, 
alternatively,  utilization  of  an  iterative  curve 
fitting  technique.  One  method  of  overcoming  this 
ambiguity,  due  to  variation  of  light  intensity 
along  the  axis,  is  to  introduce  an  additional  'gate* 
photomultiplier  at  90°  to  the  optical  axis.  The 
data  processing  system  is  modified  so  that  the 
signal  from  the  forward  direction  photomultiplier  is 
only  measured  when  the  signal  is  simultaneously 
present  at  the  gate  photomultiplier.  The  light 
intensity  variation  across  a 250  pm  width  of  the 
MOV  is  only  a few  percent  so  that  the  peak  mean 
signal  amplitude  for  a particular  particle  diameter 
can  be  assumed  to  be  a function  only  of  the  direc- 
tion normal  to  the  optical  axis.  This  greatly 
simplifies  the  data  inversion  and  measurements  with 
the  gate  photomultiplier  showed  good  agreement  with 
those  obtained  using  flash  photography  for  experi- 
ments using  both  glass  particles  and  dilute 
kerosene  sprays. 


Fig.  5 Laser  anemometer  optical  system  showing 

measurement  control  volume  with  'off-axis' 
collection  for  particle  sizing^ 


measured  at  the  same  time.  This  density  limit  is 
sufficiently  high  for  most  low-medium  throughput 
fuel  sprays,  except  very  close  to  the  atomiser. 
Details  of  the  optical  and  signal  processing  system 
and  the  methods  used  for  analysing  the  data  are 
described  in  more  detail  in  Refs.  12  and  It. 
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Fig.  6 Mean  peak  amplitude  Ep0  of  Doppler  signal 
as  function  of  particle  diameter1  * 

Figure  6 shows  the  variation  of  mean  peak 
amplitude  as  a function  of  particle  diameter  for  a 
beam  angle  of  6.71°  and  a collection  angle  of  1.21°. 
This  shows  that,  for  particles  larger  than  the 
fringe  spacing,  in  the  range  30  - 200  vim,  a one-to- 
one  relationship  between  peak  signal  and  size  is 
obtained.  This  relation  is  different  for  trans- 
parent and  opaque  spheres,  so  that  calculations  and 
calibrations  require  to  be  made,  based  upon  the 
optical  properties  of  the  particles. 


The  optical  system  shown  in  Fiq.  5 is  an  off- 
axis  forward- scat ter  mode  with  a narrow  vertical 
slit  photomultiplier  aperture 1 2 , 13 . off-axis  col- 
lection reduces  the  dimensions  of  the  region  in 
which  particles  produce  scattered  light  at  the  col- 
lecting photomultiplier,  so  that  the  effective 
length  of  the  MCV  is  reduced.  A collection  angle  of 
6.8°  was  selected*^ # 1 3 preserve  signal-to-noise 
ratios  sufficiently  high  to  obtain  accurate  velocity 
measurements  and  yet  large  enough  to  produce  a sig- 
nificant reduction  in  the  length  of  the  MCV  in  which 
particles  are  detected.  A vertical  slit  aperture, 

85  pm  wide,  resulted  in  signals  being  accepted  in  a 
diagonal  230  pm  wide  slice  of  the  MCV.  The  reduc- 
tion in  dimensions  of  the  MCV  is  not  as  great  as 
can  be  achieved  by  using  the  gate  photomultiplier 
at  90°,  but  the  off-axis  geometry  has  the  advan- 
tage of  eliminating  the  requirement  of  a second 
photomultiplier.  This  off-axis  g'ometry  enabled 
high  particle  number  densities  of  at  least  l010/m^ 
to  be  measured  without  the  statistical  probability 
of  there  being  more  than  one  particle  being 


Fig.  7 Comparison  of  size  distributions  measured 
by  laser  anemometer  (LDA)  and  impaction 
technique1 1 

Figure  7 shows  a comparison  of  size  distribution 
measurements  made  by  the  laser  anemometer  with  those 
made  by  impaction  techniques.  Figure  8 shows  com- 
parisons of  particle  size  distributions  measured  in 
kerosene  sprays  by  the  laser  anemometer  and  spark 
photographic  techniques.  In  the  impaction  tech- 
niques, small  particles  are  deflected  around  the 
impactor  and  inaccuracies  arise  in  analysis  of 
dimensions  of  individual  impactions.  In  the  photo- 
graphic technique,  inaccuracies  arise  in  determin- 
ation of  whether  the  particles  are  in  focus.  The 
statistical  averaging  procedures  used  in  the  impac- 
tion, photographic  and  laser  anemometer  measurements 
are  not  the  same,  so  that  complete  agreement  is  not 
found  in  particle  size  distributions  obtained  with 
these  various  techniques.  The  laser  anemometer  has 
the  advantage  of  being  a noninvasive,  high 
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frequency  response  system,  which  allows  simultan- 
eous measurement  of  particle  size  and  velocity, 
which  can  be  processed  and  analysed  by  digital 
computer . 


Fig.  8 Comparison  between  size  distributions 

measured  in  kerosene  spray  by  laser  anemo- 
meter and  spark  photography^ 

4.  Gas  Temperature  Measurement  by  Computer 
Compensated  Thermocouple 

Fine  wire  thermocouples  can  be  used  for  making 
measurements  of  gas  temperature  in  multiphase 
reacting  flow  systems.  The  first  requirement  for 
the  use  of  such  a thermocouple  is  that  it  should  be 
able  to  survive  the  direct  impaction  of  liquid 
droplets  or  solid  particles;  the  selection  of  the 
minimum  wire  diameter  is  governed  by  this  critericr. 
The  measurement  of  temperature  as  a function  of 
time  in  an  unsteady  flow  field  using  a thermocouple 
requires  knowledge  of  the  time  constant,  which  is 
a function  of  parameters  governing  the  rate  of 
heat  transfer  from  the  thermocouple  bead  to  its 
environment.  These  parameters  include  the  physical 
properties  of  the  thermocouple  bead,  physical 
properties  of  the  gas;  temperature,  concentration 
and  flow  fields  in  the  vicinity  of  the  probe. 

When  the  thermocouple  is  used  for  measurement  of 
temperature  as  a function  of  time,  the  frequency 
response  of  the  instrument  un  be  substantially 
increased  by  compensating  for  the  thermal  lag  as 
the  thermocouple  bead  adjusts  to  the  temperature 
of  the  environment.  This  compensation  can  be  made 
by  electrical  analog  but  there  is  a fundamental 
limit  to  the  frequency  response  of  electrically 
compensated  thermocouples  and  there  are  major 
signal-to-noise  ratio  problems. 

In  order  to  make  measurements  of  variation  of 
temperature  in  both  space  and  time  in  flames  laden 
with  liquid  fuel  droplets  and  solid  particles,  a 
computer  compensated  thermocouple  has  been  deve- 
loped at  Sheffield  University^ . Platinum- 
platinum  rhodium  and  iridium-iridium  rhodium 
thermocouples  are  constructed  from  fine  wires  with 
diameters  between  25  and  75  pm.  Figure  9 shows 
the  system  used  for  automatic  derivation  of 
thermocouple  response  characteristics  and  the 
digital  processing  of  the  thermocouple  signal. 
Impulsive  heating  is  applied  repeatedly  to  the 
wire  to  produce  a step-change  in  temperature, 
followed  by  decay  as  a function  of  time. 
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Fig.  9 System  for  pulsed  heating  and  digital 

processing  of  micro- thermocouple  signals14 

A dc  heating  current  is  applied,  for  a time  of  the 
order  of  10”2S,  and  then  switched  off.  The  signal 
is  recorded  by  the  computer  and  an  algorithm  in  the 
program  converts  the  thermocouple  emf  into  tempera- 
ture by  measuring  the  thermo-electric  character- 
istics of  the  junction.  This  measured  decay  curve 
is  generally  concealed  by  the  local  temperature 
fluctuations  in  the  flame,  so  that  it  cannot  be  used 
to  accurately  derive  a local  time  constant  for  the 
thermocouple.  This  is  indicated  by  the  top  curve 
in  Fig.  10.  This  problem  is  solved  by  repeating 
the  procedure  100  to  1000  times,  depending  on  the 
magnitude  of  the  local  temperature  fluctuations, 
and  taking  an  ensemble  average  of  the  signals  by 
adding  each  decay  curve  with  time  measured  relative 
to  the  time  at  which  the  heating  current  is  removed. 
A range  of  thermocouple  configurations  has  been 
investigated  in  both  nonburning  and  burning  flows 
and  the  effects  of  varying  parameters  such  as  the 
overheating  time  and  the  number  of  'overheatings' 
has  been  studied.  The  output  from  the  thermocouple 
is  recorded  directly  on  a PDP-1103  mini-computer 
in  conjunction  with  a Teledyne  Philbrick  ADC.  The 
combination  allows  the  rapid  logging  of  thermocouple 
emf  at  a rate  of  2000  readings  per  second. 

Figure  11  shows  the  temperature  history  in  a 
propane /air  diffusion  flame  before  and  after  com- 
pensation by  the  computer  for  a thermocouple  with  a 
time  constant  of  17  ms. 

The  digital  processing  technique  is  capable  of 
applying  additional  corrections  if  these  are  found 
to  be  necessary;  for  example,  radiative  heat 
transfer  and  catalytic  effects.  The  digital  pro- 
cessing provides  vastly  increased  flexibility, 
compared  with  analog  methods  and  also  provides 
improved  signal-to-noise  ratios.  When  thermocouples 
are  introduced  into  sprays  in  hot  gas  environments, 
the  effects  of  the  droplets  on  the  temperature 
measurement  vary  according  to  the  density  of  the 
spray.  In  regions  of  high  density,  there  is  a high 
probability  of  droplets  hitting  the  thermocouple 
bead,  where  thay  can  cause  an  instantaneous 
reduction  in  temperature  and  may,  in  the  extreme, 
remain  on  the  bead,  forming  a film.  In  many  spray 
systems,  however,  the  density  of  the  spray  is  such 
that  the  probability  of  a particle  hitting  the 
thermocouple  bead  is  small  and  the  time  during 
which  measurements  are  perturbated  by  droplets  is 
small,  compared  to  the  total  time  during  which 
measurements  are  made.  Hence,  it  is  possible  to 
make  measurements  of  the  gas  temperature,  taking 
into  account  the  perturbation  duo  to  the  presence 


5 


1st  RESPONSE  CURVE 


i m*  tv  list'd  nuniK*  i 


density  of  droplc'ts. 


ENSEMBLE  AVERAGED  RESPONSE 


Fig.  10  Derivation  of  thermocouple  response 

characteristics  in  a turbulent  flame  by 
ensemble  averaqinq  of  multiple-pulse 
hea  t i nq 1 H 

of  droplets. 

In  general,  measurement  of  mean,  rather  than 
fluctuatinq  temperature,  is  not  sensitive  to  the 
precise  response  characteristics  of  the  thermo- 
couple. Measurements  with  thermocouples  in  sprays 
show  that,  apart  from  the  case  of  very  dilute 
sprays,  tht'  measured  local  mean  temperature  is 
into  rmed i a te  be  t wet' n t he  1 oca  1 qas  t e mpe  r a t ure  a nd 
the  temperature  of  the  droplets.  The  thermocouple 
bead  is  effectively  spray-cooled  and  the  magnitude 
of  this  cooling  is  dependent  on  the  local  spray 
density,  droplet  sizes  and  velocities.  When  drop- 
lets impinge  on  the  thermocouple  bead  and  produce  a 
thin  film  of  liquid,  the  additional  convective 
heating  caused  by  this  film  can  be  recognized  by 
an  observed  reduction  in  the  measured  thermocouple 
t i me*  constant.  Figure  12  shows  the  time  constant 
of  a thermocouple,  measured  by  electrical  over- 
heating in  the  centre  of  a kerosene  spray  as  a 
function  of  the  fuel /air  mass  ratio.  This  shows 
that  the  time  constant  decreases  with  increasing 
mass  flow  rate  of  liquid,  which  results  in  an 
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Fig.  11  Time  history  ot  temperature  variation  in 
propane/air  flame  as  measured  by  thermo- 
couple with  computer  compensation**' 


Fig.  12  Time  constant  of  a thermocouple,  measured 
by  electrically  overheating  in  the  centre 
of  a kerosene  spray,  as  a function  of  fuel 
air  muss  rut io‘ ‘ 

It  was  found  that,  when  25  vim  thermocouples  weie  in- 
serted in  kerosene  sprays  with  droplets  having  sizes, 
up  to  200  vim  and  moving  .it  velocities  up  to  40  m , 
they  were  not  damaged.  The  presence  of  large  diop 
lets  of  heavy  fuel  oil  or  solid  fuel  particles  will 
require  more  robust  thermocouples  in  dense  spray 
regions.  The  in  situ  measurement  of  t ink'  constants 
allows  thermocouples  to  be  used  in  these  hostile 
environments  for  measurement  of  gas  temperature 
variation  with  time.  In  addition  to  the  tempt' rat  ure 
measurement,  the  measurement  of  time  constant  can 
also  be  exploited  as  a diagnostic  technique  in  fuel 
sprays,  to  provide  an  indication  of  local  spray 
density. 


Measurement s have  been  made  in  spray  flames 
lit  Sheffield  University  over  a period  of  twelve 
years.  These  haw  been  reported  and  reviewed  in 
Refs.  15  - 26. 


higher  than  those  for  the  small  droplets.  This 
demonstrates  that  the  relatively  small  droplets 
lose  most  of  their  momentum  soon  after  leaving  the 
nozzle  exit,  due  to  their  higher  drag/inertia 


Fig.  13  Isovelocity  lines  in:  a)  isothermal  spray;  and  b)  spray  flame,  as  measured  by  laser  anemometer 
with  frequency  shift  for  reverse  flow  measurement^! 


Figure  13  shows  an  example  of  velocity  measurements 
made  by  laser  anemometer  in  a twin-fluid  atomised 
kerosene  spray  under  burning  and  nonburning  con- 
ditions. Frequency  shift  in  the  laser  anemometer 
allowed  measurements  to  be  made  of  reverse  flow  in 
the  recirculation  regions  in  the  wake  of  the 
stabilizer  disk.  Significant  increases  in  mean 
velocity,  both  in  the  forward  and  reverse  flow 
directions,  were  found  as  a result  of  combustion 
(Refs.  16,20,21).  In  these  measurements,  no  dis- 
tinction could  be  made  between  the  velocity  of 
particles  with  different  sizes.  This  led  to  the 
development  of  the  laser  anemometer  for  simultaneous 
measurement  of  particle  size  and  velocity. 

Figure  14  shows  the  temporal  size  distributions 
for  measurements  made  at  the  same  position  in  cold 
and  burning  kerosene  sprays  by  laser  anemometer* 2*  1 } 
The  cold  spray  was  found  to  have  a wider  size  dist- 
ribution over  the  size  range  measured  between  15 
and  50  um.  These  changes  can  be  explained  due  to 
the  preferential  evaporation  of  small  droplets, 
leading  to  total  evaporation  of  the  smallest  drop- 
lets with  a residue  of  larger  droplets.  The 
calculated  local  volume  flux  of  droplets  after 
ignition  was  found  to  be  greatly  reduced,  due  to 
combustion  and  evaporation.  The  mean  droplet 
velocity  and  the  variance  of  droplet  velocity  are 
shown  as  functions  of  droplet  diameter  in  Fig.  15. 
These  results  show  that,  for  the  cold  spray  experi- 
ments, the  mean  velocities  of  larger  droplets  are 


ratios,  but  the  larger  droplets  are  less  affected 
because  of  their  lower  Jrag/inertia  ratios.  These 
measurements  demonstrate  the  capability  of  the 
laser  anemometer  to  measure  local  particle/gas 
velocity  differentials,  from  which  local  Reynolds 
numbers  and  drag  coefficients  can  be  determined 
under  conditions  of  vaporization  and  burning. 


Figure  16  shows  concentration  profiles  in  an 
airblast  atomised  spray  flame,  measured  by  using  a 
quartz  micro-probe  and  analysing  the  gases  by 
chromatography.  Radial  gas  concentration  measure- 
ments for  CC>2 , H2»  02 » CH4  and  CO,  with  correspon- 
ding temperature  profiles,  are  shown  at  two  axial 
distances  in  the  spray  flame.  Gas  concentration 
and  temperature  variation  along  the  centreline  of 
the  spray  flame  are  shown  in  Fig.  17.  These 
measurements  showed  that  burning  takes  place  at 
the  outer  periphery  of  the  spray  and  that,  within 
the  spray,  both  oxygen  concentrations  and 
temperature  levels  are  low. 
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Fig.  lr>  Mean  and  rms  droplet  velocity  measured  in 
kerosene  sprays  under  cold  and  burning 
conditions  by  laser  anemometer^ 


Fig.  I 4 Particle  size  measurement  by  laser  anemo- 
meter in  cold  and  burning  kerosene 

sprays^ 


Fig.  16  Temperature  and  gas  concentration  profiles  in  spray  flame  at  axial  distance  80  and  ?50  mm*1 


tii).  1 Temperature  and  g.  s concentrations  along 
the  axis  of  a spray  flame2! 


laser  optical  techniques  with  on-line  digital 
recording,  so  that  the  complete  mapping  of  combus- 
tors  can  ho  mad«*  automatically. 
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1 nst  rument  s 


developments  require  to  be  made  on  al 
ic  techniques  described  in  this  paper 
ne  measurements  can  be  nude  in  prae- 
tors. A steady  evolution  from  the 
of  probes  to  non invasive  laser  diag- 
iques  can  be  expected.  Because  of  the 
so  and  complexity  of  laser  diagnostic 
they  will  remain  principally  research 
for  use  in  fundamental  studies. 


Single  pulse  coherent  anti-Stokes  Raman  spec- 
troscopy is  currently  the  most  promising  diagnostic 
technique  for  noninvasive  laser  probing  of  luminous 
and  particle  flames.  CARS  signals  are  several 
orders  of  maqnitude  larger  that  those  for  spon- 
taneous Raman  scattering.  CARS  signals  are  co- 
herent, so  that  all  of  the  CARS  radiation  can  be 
collected.  CARS  radiation  can  be  collected  in  an 
extremely  small  solid  angle,  so  that  discrimination 
can  be  made  against  background  luminosity  and  laser- 
induced  particulate  interferences,  such  as  incan- 
descence and  fluorescence.  The  use  of  high  energy 
frequency-doubled  neodymium  pump  lasers  with 
spectrally  broadband  laser  pumped  Stokes  dye  lasers 
and  optical  spectrum  analysers,  allows  measurement 
of  major  species  concentration  and  temperature 
measurements  to  be  made  by  CARS;  minor  species 
and  radical  concentrations  can  be  measured  by  singt 
pulse  fluorescence.  These  techniques  have  been 
tried  and  proven  in  luminous  flames  In  the  presence 
of  soot  particles:  further  developments  are 
required  before  they  can  be  used  In  flames  laden 
with  solid  and  liquid  fuel  particles. 


In  the  long-term  future.  It  can  be  envisaged 
that  particle  size,  temperature , velocity  and 
direction,  together  with  gas  temperature,  velocity 
and  species  concentration  will  all  be  measured  by 
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20.  ABSTRACT  (Continue  on  reverse  »ld«  If  necessary  and  Identify  by  block  number) 

A survey  is  presented  of  diagnostic  techniques  and  measurements  made  in  multiphasle 
reacting  flows.  The  special  problems  encountered  by  the  presence  of  liquid  dropljets, 
soot  and  solid  particles  in  high  temperature  chemically  reacting  turbulent 
environments  are  outlined.  The  principal  measurement  techniques  that  have  been 
tested  in  spray  flames  are  spark  photography,  laser  anemometry,  thermocouples  andj 
suction  probes.  Spark  photography  provides  measurement  of  drop  size,  drop  size 
distribution,  drop  velocity,  and  angle  of  flight.  Photographs  are  analyzed 
automatically  by  image  analyzers.  Photographic  techniques  are  reliable,  inexpensive 
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.nd  proved.  Laser  anemometers  have  been  developed  for  simultaneous  measurement 
of  velocity  and  size  of  individual  particles  in  sprays  under  conditions  of 
vapfroization  and  combustion.  Particle/gas  velocity  differentials,  particle 
Reynolds  numbers,  local  drag  coefficients  and  direct  measurement  of  vaporization 
rates  can  be  made  by  laser  anemometry.  Gas  temperature  in  sprays  is  determined 
by  direct  'in  situ’  measurement  of  time  constants  immediately  prior  to  raeasuremenl 
with  compensation  and  signal  analysis  by  micro-processors.  Gas  concentration 
is  measured  by  suction  probes  and  gas  phase  chromatography.  Measurements  of 
particle  size,  particle  velocity,  gas  temperature,  and  gas  concentration  made  in 
air-blast  and  pressure  atomized  liquid  spray  flames  are  presented. 
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